I. INTRODUCTION
The Planck satellite is a mission of the European Space Agency, developed to measure extremely small temperature fluctuations of the cosmic microwave background (CMB) radiation over the sky. The low frequency instrument (LFI) receiver is a form of differential radiometer. It will have enough sensitivity to measure CMB anisotropies in the 30-70 GHz frequency range and it will be split into 3 channels centered at 30, 44, and 70 GHz each one with a 20 percent bandwidth [1] [2] [3] .
The 30 and 44 GHz radiometers have been developed by Jodrell Bank Observatory in The United Kingdom and by the University of Cantabria and The Technical University of Catalonia in Spain [4] . The 70 GHz radiometers have been developed at Millilab in Finland [5] . The qualification models (QMs) at all frequencies have been developed and the flight models are under manufacture.
The radiometers collect the signal from the sky, which is amplified by low noise amplifiers (LNAs), and finally, filtered and detected. The 30 and 44 GHz radiometers are based on a front end module (FEM) with InP high electron mobility transistor (HEMT) amplifiers cooled to 20 K and a back end module (BEM) with GaAs HEMT amplifiers at room temperature (300 K), connected via a 1 m long waveguide. The FEM contains the most sensitive part of the receiver, where pseudocorrelation is implemented. It operates at 20 K to reduce the system noise and to improve sensitivity. This temperature is provided by a closed-cycle hydrogen sorption cryo-cooler [6] , which will be capable of providing 1.2 W of cooling power at 20 K. This stringent requirement on low power consumption caused the decision to split the radiometer into a cold FEM and a warm BEM at 300 K. The gain specification in the FEM is 30 dB in order to provide enough gain to avoid a noise contribution to the system from the BEM. The LNAs in the FEM are comprised of InP HEMT due to their low power consumption and very good noise performance. The back end units at 30 and 44 GHz were developed in Spain with the cooperation of the University of Cantabria, Technical University of Catalonia and Mier Comunicaciones S.A.
A block diagram of the Planck radiometer is shown in Fig. 1 . In fact each FEM and BEM assembly constitutes two complete and separate radiometers, due to the particular mechanical configuration of Planck-LFI. The sky signal and the signal from a stable reference load at about 4 K are coupled to cryogenic low-noise HEMT amplifiers via a 180 ± hybrid. One of the two signals then runs through a switch that applies a phase shift which oscillates between 0 and 180 ± at a frequency rate of 4096 Hz. A second phase switch is present for symmetry on the second radiometer leg but it does not introduce any phase shift in the propagating signal. The signals are then recombined by a second 180 ± hybrid, producing an output which is a sequence of signals alternating at twice the phase switch frequency [7] . The output detected voltages at each of the two branches (O 1 and O 2 ) in the radiometer can be expressed as (1) and (2), respectively
where v s is the noise voltage at the sky horn, v r is the noise voltage at the reference load, g F1 and g F2 are the voltage gains of the two amplifiers in the FEM, and their noise voltage contributions are n F1 and n F2 . © 1 and © 2 are the phase values introduced by the phase shifters. The voltage gains in the BEM amplifiers are g B1 and g B2 , and n B1 and n B2 are their noise voltage contributions. The detector is considered to have a perfect square-law performance with a constant of proportionality of ® 1 and ® 2 . In order to simplify the equations, both amplifiers in the FEM are considered to have identical gain g F and each amplifier in the BEM also has the same gain g B . Therefore the product of voltage gain in the FEM by voltage gain in the BEM is denominated as g. One phase switch is placed in each FEM branch. It connects the LNA outputs to the output hybrid and it introduces a phase shift of 180 ± in the signal in one state in relation to the other. Only one phase switch works, the other is introduced for symmetry, therefore the phase © 1 will always be 0 ± . Therefore, the output voltage detected at one branch is proportional to the noise voltage at the sky horn v s , or to the noise voltage at the reference load, v r according to (3) and (4), respectively.
Case a © 1 and © 2 equal to 0
Case b © 1 equal to 0 ± and © 2 equal to 180
With the phase switch active, the output voltage will change between sky and reference load at the two outputs. The signal of interest will be obtained by postprocessing of the output voltage and the goal is to nullify the signal measuring differences between the sky and the reference load. Therefore, a gain modulation factor r which balances the output, is applied [7, 9] . Calculating the time average of the output power over the bandwidth the expression of the gain modulation factor is given by (5)
where T sky is the sky noise temperature, T load is the reference load temperature and, T n is the system noise temperature. The r-factor will be adjusted periodically, therefore stability of the system is required. The instabilities due to gain and noise fluctuations produce a 1=f noise spectrum. The postprocessing signal must have a knee frequency (f knee ) lower than the spin frequency of the satellite. Phase switching in the FEM of a few KHz avoids the effect of BEM fluctuations providing that the BEM f knee is lower than the phase switching rate. The estimated postdetection knee frequency due to BEM gain fluctuations [7] , considering a perfectly balanced FEM, is given by (6) f Knee = BW eff ¢ N s ¢ A 2 (6) where BW eff is the effective bandwidth [8] , N s is the number of stages in the amplifier, and A is the normalization constant for noise temperature fluctuations. Using typical values for B, N s , and A in (6) and considering only the RF amplifiers, the knee frequency expected from the BEM is only a few Hz. When fluctuations in the detector sensitivity are also considered, higher values are expected but always much lower than the phase switch frequency rate of about 4 KHz.
A. Power Budget
It is necessary to estimate the input power levels at the different stages of the BEM, in particular at the detector. For the power budget, one phase switch state is taken into account. The approximate power at the BEM input can be calculated according to ( 
where k is Boltzmann's constant, B is the noise bandwidth, G F is the FEM gain, L WG are the losses of the waveguide connecting the FEM and the BEM, and T = T FEM + T i , with T FEM = FEM noise temperature, and T i =input temperature (sky temperature ¼ 2:7 K or reference load ¼ 4 K). This input temperature will be fixed at 20 K for calibration, but it will oscillate between 2.7 K and 4 K in normal operation. For the 44 GHz radiometer, the following parameters are specified:
For an ideal system the noise bandwidth is equal to the effective bandwidth and using (7), the approximate BEM input power will be ¡60 dBm or ¡56 dBm, depending on whether the radiometer is working in normal operation or in calibration, respectively. The BEM gain is specified to be 30 dB with an equivalent noise temperature of 550 K, in order to ensure that the detector diode is working in its linear region with an estimated input power of about ¡30 dBm, this value being similar to others found in the literature [10] . A 20% effective bandwidth is necessary, which makes it difficult to fulfill the noise figure goal over the whole bandwidth. For the 44 GHz BEM, the RF circuits have been tested individually and then, the BEM representative branch has been measured. These results are shown in Sections II and IV, respectively. Fig. 2 shows a block diagram of the 44 GHz BEM. A WR-22 waveguide-to-microstrip transition was designed using a ridge waveguide [11] and it is the first functional element of the BEM. It is a four-section stepped ridge waveguide-to-microstrip line transition which provides a broadband performance. This transition has been chosen for its broad bandwidth, low insertion loss, and repeatable performance.
II. CIRCUIT DESIGNS AND PERFORMANCE

A. Low Noise Amplifiers
The LNA is composed of two monolithic microwave integrated circuits (MMICs) to provide both enough gain and a signal in the square-law region of the diode detector. Since no suitable MMICs were commercially available, the LNAs were a custom design with GaAs PHEMT transistors. The technology chosen was OMMIC ED02AH process with an f T of 60 GHz. The active pseudomorphic GaInAs layer is grown by hetero-epitaxy and it allows depletion or normally-on (N-ON) and enhancement or normally-off (N-OFF) PHEMT with a gate length of 0.2 ¹m [12] . The enhancement mode is similar in geometry to the depletion mode, but in electrical operation it is normally off and it does not conduct with zero gate voltage. The N-OFF mode has lower power consumption, nevertheless its gate voltage range is narrower than the N-ON mode, which provides a higher sensitivity to pinch-off voltage.
As for the disposition of LNAs, the N-ON LNA preceding the N-OFF was found to be the optimum of all those possible in terms of in-out matching, noise performance, and dc power consumption. Some of the main requirements of the LNAs are to provide low noise and low power consumption with sufficient gain. Using as the first amplifier an LNA based on N-ON PHEMT transistors, a good noise performance was obtained with a medium power consumption of 90 mW. The second LNA with N-OFF PHEMT transistors was added to increase the gain with a very low impact on the noise figure and a very low power consumption of 32 mW.
The two amplifiers have been designed using the same design method. A schematic of the Q-band four-stage MMIC LNAs is shown in Fig. 3 . The first two stages use inductive source feedback to achieve a low noise performance [13] with good return loss. Source inductors with different values have been employed for each stage in order to obtain a low noise figure with good input return loss and a reasonable gain, since in this way the last stages will have a small impact on the total noise figure. In the first stage minimum noise figure and conjugate matching are obtained by using a source inductor, but there is a trade-off with the achievable gain. Therefore the second stage was designed with a similar topology to the first one in order to obtain a slightly higher gain with low noise. Parallel feedback [14, 15] has been used in the last two stages to obtain flat gain over the operating bandwidth. This feedback has the advantage of increasing the stability factor, improving input, and output return losses. Fig. 4 and Fig. 5 show the photographs of the LNAs. The chip size is 3 £ 1 mm 2 each. Both circuits were measured on wafer using a coplanar probe station. In Fig. 6 and Fig. 7 noise figures and associated gain for the depletion and enhancement transistor LNAs are plotted. These amplifiers show an outstanding performance in gain and noise with a 20 percent bandwidth [16] [17] [18] .
B. Bandpass Filter
A bandpass filter was used to define an effective bandwidth of 20% and to reject undesired signals outside the band of interest. Low bandpass losses, more than 10 dB out of band losses, and small size were considered the main objectives to fulfill. A microstrip coupled line topology was chosen because it inherently provides bandpass characteristics. A three-resonator filter has been designed using the design method from the classic prototype filter tables provided by [19] and a design methodology has been developed to achieve predictable frequency response in microstrip filters using commercial CAD software. After a careful evaluation of the validity of the CAD models, comparing simulated and accurately measured results, the design is restricted to microstrip elements than can be well characterized [20] . The selection of the substrate becomes critical due to the gaps and widths of microstrip lines because it sets the line-etching precision required and the minimum losses achievable. The filter has been fabricated on a Duroid 6002 (" r = 2:94) substrate with 0.254 mm thickness. Fig. 8 shows a photograph of the filter and Fig. 9 its response when it has been measured with coplanar to microstrip transitions using a coplanar probe station.
C. Diode Detector
After the signal is amplified and filtered, a square-law detector is used to convert the signal from the sky, or reference load, to dc voltage. The diode detector is based on a low barrier Schottky diode HSCH9161. A large and a small signal diode model have been developed to optimize the design. The matching network design requires additional lossy components to meet the system requirements. It uses a 100 − thick-film resistor. The resistor's nonideal behavior at millimeter frequency band had to be included in the simulations of the matching network. A radial stub is used to provide RF ground for the diode. The virtual ground was also used to extract the dc output voltage and a dc-return was provided by the 100 − resistor ground connection. A 100 K− load resistor was used as a video load impedance to extract the detected voltage. Input and output microstrip networks have been manufactured on Alumina substrate with a substrate thickness of 0.254 mm, permittivity " r = 9:9, conductor thickness t = 3:5 ¹m. This detector has been characterized individually with coplanar-to-microstrip transitions using a coplanar probe station. Fig. 10 shows a photograph of the detector and Fig. 11 depicts its measured input return losses using a Vectorial network analyzer (HP8510C). Output detected voltage versus frequency is depicted in Fig. 12 (left) . The detector sensitivity curve at 44 GHz has been included in the same figure (right) , showing linear performance around ¡30 dBm of input power, this value being the expected input power to the detector.
D. Microstrip Attenuators
Two microstrip attenuators at the Q-band have been designed in order to obtain flat attenuation and good input and output matching. The aim of these attenuators was to get better matching between subsystems and reduce the ripple in band in order to provide better effective bandwidth.
The effective bandwidth [8] which is defined by (8) , depends on the transducer power gain G(f)
Transducer power gain of cascade networks depends on their matching in the plane of connection and on their individual transfer gain. The transfer gain of two connected networks, denominated A and B is given by (9)
where ¡ 1 and ¡ 2 are the reflection coefficients of the networks A and B, respectively, in their plane of connection. Therefore the effective bandwidth can be reduced by mismatching along the operating bandwidth. The LNAs matching was not good enough, and so in order to minimize this effect on the effective bandwidth, attenuators were included between subsystems. Transducer power gain depends only on the forward transmission of each part.
The substrate used to design them was the same as for the detector. Resistors in the design are integrated thin film resistors in a NiCr layer with a resistivity of 20 Ohm/sq. Both designs have coplanar-to-microstrip transitions in order to allow their measurement with a coplanar probe station before their assembly. The final design of both attenuators with their coplanar-to-microstrip transitions has been simulated using the electromagnetic quasi-3D simulator MOMENTUM. Fig. 13 and Fig. 14 show a picture of each attenuator. They have the same attenuation performance and the only difference between them is their length, one is 5 mm and the other is 10 mm. Both attenuators were characterized from 20 to 50 GHz using a coplanar probe station and a Vectorial Network Analyzer. Fig. 15 shows measured S-parameters of one attenuator. Both attenuators have similar performance with an attenuation of 4.7 dB in the operating bandwidth (39.6-48.4 GHz), and input and output matching better than 15 dB.
E. DC Amplifier
In order to make the detected signal suitable for the data acquisition electronic module, a low noise dc-amplifier has been designed. A schematic of the dc-amplifier is shown in Fig. 16 . The first stage has an OP27 precision operational amplifier that combines low offset and drift characteristics with low noise, making it ideal for precision instrumentation applications and accurate amplification of a low-level signal. A second balanced stage, implemented with an OP200, provides a balanced and bipolar output. DC amplifier total power consumption with a high impedance load is 37 mW approximately.
Since the phase switch frequency rate is 4096 Hz the output signal has to provide a video bandwidth of at least 50 KHz, which means that the output signal contains more than ten harmonics in order not to degrade the information. The OP27 operational amplifier gain bandwidth product has been taken into account, and the maximum achievable balanced gain without losing output bandwidth was 100. A voltage gain of 50 is due to the OP27 and factor 2 due to unbalanced-to-balanced conversion of the OP200 with unit individual gain. Another constraint of this dc amplifier is to provide an output voltage in a window between 0.2 V and 0.8 V, where the data acquisition electronics (DAE) works properly. The designed dc amplifier has an overall balanced voltage gain of 72, therefore the output dc voltage is inside the window and to achieve the output bandwidth requirement. The unbalanced frequency response of the LNA was tested using a vector signal analyzer and it is depicted in Fig. 17 . The dc amplifier showed a video bandwidth of 65 KHz, and an unbalanced voltage gain of 31 dB. 
III. ASSEMBLY
The BEM is a millimeter-wave system, in the mechanical design; assembly and interconnections special attention was paid to some aspects beyond the basic electrical performance, [21] . Each radiofrequency branch was assembled in a carrier where microstrip lines are enclosed in a 2.6 mm wide channel to avoid waveguide mode propagation inside. A cutoff frequency higher than 55 GHz is guaranteed using this enclosure. Fig. 18 shows a detail of microstrip circuits in one branch. From left to right the chain is composed of a 50 Ohm microstrip line, the LNA MMIC N-On, a first microstrip attenuator, the LNA MMIC N-Off, a second microstrip attenuator, bandpass filter and diode detector. All microstrip components and MMIC chips are attached to the metal of the carrier bottom by silver-filled epoxy. Interconnections between microstrip lines and MMICs are made using 25 micron gold wires by ultrasonic bonding. Bias MMIC networks are composed of chip capacitors and thick film resistors to assure amplifier stability at low frequencies. Signal at each branch input comes from a rectangular waveguide connection through the four-section stepped ridge waveguide-to-microstrip line transition. The final BEM mechanical configuration for the QM has four RF branches, providing signal amplification and detection for two complete radiometers. Mechanical design has been carried out by Mier Comunicaciones S.A. within an assigned envelope of 70 £ 60 £ 39 mm 3 including all the RF and dc circuitry. Fig. 19 is a frontal view of the complete BEM with four WR-22 waveguide inputs and a top view, when the lid is removed, where there are two dc amplifiers in a printed circuit board (PCB). Multipin miniature connectors at the rear are used for detected signals output and dc polarization lines. The BEM is composed of several layers where multilayer PCBs with dc circuitry and RF carriers are located. Fig. 20 shows an internal view of a BEM's carrier with two RF branches and a photograph showing the lay-out of the MMICs, bias MMIC networks, and microstrip components inside the carrier.
IV. BEM PERFORMANCE
Firstly the RF one-branch BEM performance was tested in order to measure the equivalent temperature of the BEM against frequency. Fig. 21 shows the insertion gain and noise figure measured, where an average RF gain of 35 dB has been obtained. The average noise figure throughout the band was 4.6 dB (560 K). After including the diode detector and dc amplifier in the BEM, several parameters have been measured: 1) dynamic range, 2) sensitivity, 3) RF effective bandwidth, 4) equivalent noise temperature, 5) low frequency power spectrum, 6) output signal video bandwidth. Dynamic Range: The detected voltage versus input power was measured in order to obtain the BEM dynamic range. A HP83650B generator was used as CW source. Results are depicted in Fig. 22 (continuous trace) for 40.3 GHz input frequency. Taking into account the FEM gain, the input power range of the BEM will be between ¡60 and ¡56 dBm, depending on whether the radiometer is working in normal operation or in calibration, which corresponds to the linear detection region.
Sensitivity: The BEM performance with frequency was also measured using the HP83650B generator as CW source from 35 to 50 GHz for several input powers. The BEM sensitivity for ¡56 dBm input power is shown in Fig. 23 .
Radiofrequency Effective Bandwidth:
In order to use a more realistic input signal, a wideband noise stimulus was used to measure the BEM sensitivity. Fig. 24 shows the set-up used for this test. The results obtained are plotted in Fig. 22 (trace with  circles) . The measurements shown in Fig. 23 were used in order to calculate the effective bandwidth according to (8) . Since the BEM is a direct conversion receiver, the diode detector response must be included in the effective bandwidth expression. This RF to dc response is performed with a microwave sweep generator providing a constant input power versus frequency, so the effective bandwidth can be calculated using only the output voltage values taken at discrete frequencies as in (10) (10) where N is the number of frequency points, ¢f is the frequency step, V out (i) is the dc output voltage at each frequency and V outoff is the dc output voltage when the sweep generator is off. The effective bandwidth obtained is 8.9 GHz, slightly wider than the required 20 percent.
Equivalent Noise Temperature: A method has been developed to achieve an accurate and unique equivalent noise temperature of the whole receiver. This method takes into account commercial noise sources, which do not have a flat excess noise ratio versus frequency in millimeter-wave range, and RF to dc receiver performance throughout the band. As the hot temperature of the noise source used and the BEM RF gain show variations across the operating bandwidth, expression (11) was used to obtain the global equivalent temperature (T rec ) [22] :
where T h and T c are the hot and cold temperature of the noise source, Y is the noise Y-factor, and V det is the detected voltage at each frequency when a constant input frequency is applied. The Y-factor is given by (12) , which is based on the ratio of the receiver outputs when looking at two known source temperatures, hot and cold loads.
The Y tested with a cold load and a hot load with commercial noise source Q347B from Agilent was 3.6. Applying (11), the equivalent noise temperature as a total power radiometer was 790 K. This value is slightly worse than the on-wafer measured noise figure of a naked MMIC (3 dB average NF eq. 405 K T e , see Fig. 6 and Fig. 7 ). This is due mainly to losses in the waveguide due to microstrip transition and to the readjustment of the bias point to decrease the ripple in the operating band, trading off noise temperature and effective bandwidth. This noise temperature has minimum impact on the global radiometer performance due to the high gain of the FEM. Low Frequency Power Spectrum: The low frequency power spectrum was characterized with a Hewlett Packard vector signal analyzer HP89410A when a waveguide matched load is connected to the input, and the results are shown in Fig. 25 . The test was done at room temperature (» 290 K). The 1=f knee frequency is around 200 Hz, much lower than the phase switching of the FEM (4096 Hz), so gain fluctuations of the BEM will not have an impact on the global performance of the radiometer. The dominant 1=f noise source is attributed to the Schottky diode detector, since it refers directly to the diode current [23] . The 1=f noise spectrum of each LNA alone was tested and the knee frequency was about 13 Hz for the N-ON LNA and about 15 Hz for the N-OFF LNA. These results make it evident that the diode detector is mainly responsible for the knee frequency of the BEM.
Output Signal Video Bandwidth: The same test set-up used to test the low frequency spectrum was used to measure the output signal bandwidth. Fig. 26 shows the output spectrum, where a 3 dB bandwidth wider than 50 KHz was obtained. The output signal from the BEM is a square waveform at 4096 Hz, so its main harmonic content can be considered to be below 50 KHz.
V. CONCLUSION
This work reported here is the development of a BEM for space-borne radiometers for the on-going Planck mission of the European Space Agency. A brief description of the Planck LFI radiometer principle of operation has been presented. The design and implementation of a fully representative branch of the 44 GHz BEM for the QM version has been described. Design fundamentals and test performance of each subsystem from RF to dc parts have been presented. An integrated branch has been characterized showing design, assembly, and test procedures to obtain dynamic range, sensitivity, global noise equivalent temperature, 1=f knee frequency, and output signal video bandwidth. Some of these figures of merit were measured not only with a single tone, but also with a more realistic input signal, provided with a wideband noise stimulus. The BEM, as a single module, has an adequate performance according to the requirements and the same behavior will be expected after the integration of the FEM and BEM to operate as a complete radiometer.
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